The cervical squamocolumnar junction of normal and dysplastic human xenografts was maintained in SCID-beige mice. Dysplastic tissue maintained a dysplastic morphology, irregular pattern of keratin expression, elevated levels of cellular proliferation, and human papillomavirus type 16 and/or type 18 DNA. Hyperplastic changes of normal xenografts occurred via high-dose estrogen exposure, and through recombinant adenovirus infection, the introduction and stable expression of an exogenous gene was accomplished.
Cancer of the uterine cervix is the most common cause of cancer-associated mortality in women worldwide (14) . The molecular mechanisms which underly the development of cervical neoplasia are not completely understood and are difficult to assess without an intact and manipulatable biologic model (9, 21) . As the premalignant and malignant lesions of the cervix arise from the transformation zone (an area of immature metaplasia between the mature stratified squamous epithelium of the exocervix and the columnar epithelium of the endocervix) (17) , an ideal model should maintain this squamocolumnar junction. In addition, since over 90% of cervical malignancies are associated with infection by the high-risk human papillomavirus (HPV) subtypes (e.g., HPV 16 and 18) (2, 6) , the ability to assess viral factors would also be a prerequisite for the model. Many biological mechanisms may be evaluated in cell culture (23, 29) ; however, such systems are usually unable to address important in vivo phenomena such as cytokine signal transduction, angiogenesis, and host immune surveillance.
Previous published experiences with animal models have been promising (1, 3-5, 7, 11, 18, 19, 24, 25, 41, 42) . In 1985, Kreider and coworkers reported a nude mouse (i.e., athymic) xenograft model which maintained low-oncogenic-risk human papillomavirus infection (24, 25) . However, the absence of the human cervical transformation zone and failure to support HPV cervical cancer-associated viral subtypes limit this model.
Working with transgenic mice expressing the HPV 16 oncoproteins E6 and/or E7, several investigators have elucidated molecular mechanisms associated with the induction of epidermal hyperplasia, angiogenesis, and DNA damage (19, 41, 42) . Recently, Arbeit and colleagues used transgenic mice expressing the HPV 16 oncoproteins from a keratin 14 (K14) promoter and demonstrated synergy between the viral oncoproteins and chronic estrogen exposure in the development of squamous carcinogenesis along multiple sites (cervix and vagina) of the murine female reproductive tract (1) . Although this is clear evidence of the ability of these viral oncogenes to induce cancer in vivo, these results do not offer sufficient insight that can explain the underlying mechanism which restricts disease to the cervical transformation zone. While HPV is known to infect all areas of the human female genital tract, infection of the transformation zone has deleterious consequences as cervical cancer is a problem of global epidemic proportions; malignant disease very rarely develops following infection of other lower genital tract sites such as the vagina and vulva. Therefore, transgenic models, although important, do not address this crucial biological issue.
Discovered in 1980, severe combined immunodeficiency (SCID) mice lack B and T lymphocytes. The animals have limited adaptive immune responses which precludes the rejection of human xenogenic tissue grafts (40) . In this communication, we report the ability to maintain and manipulate the human cervical squamocolumnar junction in a SCID mouse strain which lacks natural killer cell activity and harbors macrophage defects (i.e., SCID-beige).
Animals. C.B.-17 ICR (ICR background SCID mice are nonleaky and do not produce the low levels of antibody which are often seen with non-ICR SCID mice [12] [data not shown]) SCID-Bg mice (Harlan-Sprague-Dawley, Indianapolis, Ind.) were used at 4 to 6 weeks of age. The animals were housed in microisolator cages and were fed sterilized water and mouse chow. All experimental protocols were approved by the University of California, Irvine Institutional Animal Care and Use Committee.
Human tissue. Fresh human cervical tissue was obtained from patients treated by members of the Department of Obstetrics and Gynecology under protocols approved by the University of California, Irvine Institutional Review Board. Normal cervical tissue was retrieved from discarded premenopausal hysterectomy specimens. Dysplastic cervical tissue was ob-tained from diagnostic cervical cold knife conization procedures; tissue lying between two circumferential points with demonstrable dysplasia by frozen section analysis was provided. The tissues were transported in Hanks' balanced salt solution supplemented with penicillin (500 U/ml), streptomycin (500 g/ml), and nystatin (200 U/ml) (Life Technologies, Inc., Gaithersburg, Md.). Implants were prepared in 3-by 2-by 2-mm sections containing the squamocolumnar junction and used within 4 h of harvest. One section from each specimen (labeled day 0) was placed in 10% buffered formalin solution and embedded in paraffin.
Implantation procedure. Mice were transferred to a laminar flow hood and anesthesized by inhalation of methoxyflurane (Metofane; Pittman-Moore, Inc., Mundelein, Ill.). The abdominal surface was prepped with 95% ethanol. A 1-cm incision was made in the lateral wall of the abdomen above the peritoneum. The human cervical implant was inserted into a subcutaneous pocket created by blunt dissection in the adipose tissue. The skin was reapproximated by using 4.0 vicryl (Ethicon, Inc., Somerville, N.J.).
Xenograft excision. At specific time points, the mice were euthanized by carbon monoxide inhalation. The implants and adjacent mouse tissue were excised en bloc and either fixed in 10% buffered formalin and embedded in paraffin or sucrose saturated and frozen in O.C.T. compound (Sakura Finetek U.S.A., Inc., Torrance, Calif.). Tissue sections of 4 to 6 m were cut from the paraffin blocks and stained with hematoxylin and eosin.
Vascularization of implanted human tissue. The xenografts and surrounding tissue were double stained for the human (light blue stain) and mouse (brownish red stain) endothelial cell marker CD31 [36, 37] ), using protocols for mouse antihuman CD31 (Becton Dickinson and Company, San Jose, Calif.) and rat anti-mouse CD31 (PharmMingen, San Diego, Calif.), respectively. We observed chimeric vessels (i.e., anastomoses) containing both human and mouse endothelial cells in normal (Fig. 1A) and dysplastic (Fig. 1B) xenografts.
Viability of normal human cervical tissue. Figure 1C to F depicts the tissues at 0, 8, 77, and 209 days postimplantation. Sections from day 0 (Fig. 1C ) and day 77 (Fig. 1E) reveal the squamocolumnar junction to be well delineated. A section taken at day 8 ( Fig. 1D ) demonstrates reparative changes in the presence of mitotic activity near the basal cell layer. After 150 days, primarily columnar epithelium was found; this may indicate that the establishment of new squamous epithelium does not occur beyond certain time points (Fig. 1F, day 209) .
Viability of dysplastic human cervical tissue. A section from day 0 (Fig. 1G ) reveals inflammatory cells which were not observed at subsequent time points. Figure 1H (day 79) demonstrates koilocytotic changes consistent with HPV infection. Histologically, these tissues remained viable and maintained their dysplastic state and morphologic evidence of HPV infection for several months (Fig. 1I and J, days 147 and 191) .
Differential keratin expression of implanted tissues (normal and dysplastic).
Monoclonal mouse anti-human keratin 5/6 antibody (Boehringer Mannheim Corporation, Indianapolis, Ind.) and monoclonal mouse anti-human keratin 8 antibody (Novocastra Laboratories, Newcastle upon Tyne, United Kingdom) were used to examine tissues for the presence of differential keratin expression (15, 16, 45) ; in aberrant states, such as metaplasia and dysplasia, keratin expression is often perturbed (13, 33) . Consistent with findings at day 0, sections from day 24 ( Fig. 1K and L tive/K8 negative (squamous epithelium) to K8 positive/K5 negative (columnar epithelium). The keratin expression of dysplastic tissue (Fig. 1M and N) , however, was more variable, with a section at day 147 revealing a focus of K5-positive squamous metaplasia below K5-negative columnar cells.
Cellular proliferation of implanted tissues (normal and dysplastic).
Proliferating cell nuclear antigen (PCNA) is a cofactor for DNA polymerase delta and is normally present during the late G 1 and S phases (8, 28) of the proliferating basal cell layer; in contrast, dysplastic cells may contain high levels of PCNA throughout the epithelium. In analysis using a monoclonal mouse anti-human PCNA antibody (DAKO Corporation, Carpinteria, Calif.), no change in PCNA location or level of expression was observed in normal tissue at day 42 ( Fig. 1P) relative to preimplanted day 0 tissue (Fig. 1O) . In contrast, implanted dysplastic tissue stained strongly for PCNA in both the columnar cells and the suprabasalary cells of the stratified squamous epithelium for at least 191 days postimplantation (Fig. 1Q and R) .
The maintenance of HPV in dysplastic tissue. Using the DAKO GenPoint catalyzed signal amplification system and biotinylated HPV wide-spectrum and subtype 16/18-specific DNA probes, we detected high-oncogenic-risk HPV DNA by in situ hybridization in dysplastic tissue retrieved 6 weeks after implantation. Specific signals (brownish stain) were concentrated in the human epithelium of both stratified squamous and columnar cells (Fig. 2) . They were not detected in surrounding human stromal tissue or in adjacent murine tissue. These findings were validated by both formalin-fixed cells from a cervical carcinoma cell line carrying one to two chromosomally integrated copies of the HPV 16 genome per cell (positive control) and normal tissue xenografts (negative control).
Recombinant viral infection. Prior to implantation, normal human cervical tissue was infected ex vivo for 1 h at 10 9 PFU/ml with the previously published human adenovirus type 5 containing the ␤-galactosidase gene driven by the human cytomegalovirus immediate-early promoter (20) . At day 46, in an assay using 0.1% 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) blue stain (Life Technologies), the excised implant demonstrated expression of the ␤-galactosidase gene product (Fig. 3A) . No evidence of expression was exhibited by neighboring murine tissue or contralateral implants.
Estrogen administration. A 90-day time-released 1.7-mg 17␤-estradiol pellet (resulting in circulating estrogen levels of 500 to 600 pg/ml, according to the manufacturer [Innovative Research of America, Sarasota, Fla.]) was placed subcutaneously, using the implantation procedure described above. Pellets were placed contralateral to normal tissue xenografts. At day 24, all implants demonstrated regions of hyperplasia and squamous metaplasia (Fig. 3B ), which were not present at day 0.
Potential applications of this model. The presence of HPV infection in the vast majority of cervical neoplasms has been considered evidence of an etiologic role for HPV in the development of cervical dysplasia and eventually carcinoma (10, 26, 27, 31, 32, 39, 43, 44) . Because the effect of HPV has generally been limited to immortalization, its precise role in the multistage process of cervical carcinogenesis is difficult to study. Despite evidence from transgenic murine systems which suggests that the viral genes E6 and E7 possess essential activity to effect a fully transformed phenotype, some have argued that HPV infection is not causative but represents an essential cofactor or even an opportunistic pathogen in a host whose immune system is compromised by disease (35) . This area of controversy has led to a considerable effort invested into creating a mouse xenograft model that could propagate anogenital HPV. Indeed, several SCID mouse systems have been evolved to permit isolation and propogation of both low-and high-oncogenic-risk HPV subtypes (4, 5, 7, 11, 24, 25) . However, these systems have yet to address the causative role of HPV infection.
Although the site of HPV integration appears to be random with respect to the host genome, during the integration process the viral E6 and E7 open reading frames are consistently retained. Our model should permit assessment of interactions of E6 and E7 with cellular proteins specific to the transformation zone. The inactivation of tumor suppressor gene products (e.g., p53 and retinoblastoma) secondary to protein binding or mutation may disrupt control of cellular proliferation and apoptosis, but why this might especially apply to the transformation zone is unknown.
In our model, the induction of cervical hyperlasia and metaplasia in normal tissue xenografts via concomitant high-dose estrogen exposure is noteworthy. The observed metaplastic changes of the cervical transformation zone that occur normally at puberty have been attributed to the effects of high circulating levels of estrogen present during that period. Indeed, the role of estrogen in the development of cervical dysplasia has been debated (38) . Contemporary reports have documented synergistic effects between steroid hormones and HPV; specifically, in vitro studies have demonstrated that estrogen can enhance transcription of HPV 16 E6 and E7 oncogenes (22) .
In summary, the importance of our model lies in the maintenance of the squamocolumnar junction, the preservation of normal and dysplastic features over extended periods of time, and the opportunity to effect change within the system. These attributes constitute many of the essential characteristics of a biologic model through which one may study HPV-mediated human disease. The interactions between steroid hormones and HPV oncogenes as well as gene therapy and even immune system reconstitution (30, 34, 36) represent areas which may be pursued with this SCID mouse model. 
